The phylogenetic relationships of non-typable Haemophilus influenzae (NTHi) strains prospectively isolated from healthy children and children with acute otitis media (AOM) were analysed using multilocus sequence typing (MLST). A total of 165 NTHi isolates were collected over a 3.5 year time frame during 2006 through 2009. The strains were tested for b-lactamase production; 28.5 % were positive. Seventy different NTHi sequence types (STs) were identified of which 29 (41.4 %) were novel. NTHi strains did not show any phylogenetic grouping or clustering among asymptomatic colonizing strains or strains that caused AOM, or based on b-lactamase enzyme production. Evaluation of triplets and other siblings over time demonstrated relatively frequent genetic exchanges in NTHi isolates in vivo in a short time frame and subsequent transfer among children in a family. Comparison of the MLST STs isolated at different time points showed that in~85 % of the nasopharynx (NP) colonizations, NTHi strains cleared from the host within 3 months, that sequential colonization in the same child involved different strains in all cases except one, and that NP and middle ear isolates were identical STs in 84 % of cases. In this first study of its type to our knowledge, we could not identify predominant MLST types among strains colonizing the NP versus those causing AOM or expressing a b-lactamase enzyme conferring penicillin resistance in children.
INTRODUCTION
Non-typable Haemophilus influenzae (NTHi) is an important human-specific pathogen colonizing the nasopharynx (NP) of the upper respiratory tract (Faden et al., 1995; Murphy et al., 2009) . NTHi strains are rarely associated with invasive disease in children, but they are associated with respiratory tract infections in both children and adults (Murphy, 2003; Kyd & Cripps, 1999) . NP colonization with NTHi is an important risk factor for developing disease (Faden et al., 1997) . Children frequently NP-colonized by NTHi are more likely to develop acute otitis media (AOM) than less frequently colonized children (Faden et al., 1997; Harabuchi et al., 1994) . Simultaneous detection of multiple isolates of NTHi from the same sample has been reported among aboriginal children with otitis media (Smith-Vaughan et al., 1996) , among otitis-prone children in day care centres (St Sauver et al., 2000) and in cystic fibrosis patients (Bandi et al., 2001; Murphy et al., 1999) , which may result from inadequate clearance of colonizing bacteria, exposure to multiple circulating strains or in vivo genetic recombinations in a specific host. It is not known whether NTHi isolates that express b-lactamases (responsible for resistance to b-lactam antibiotics such as penicillins, cephamycins and carbapenems) are phylogenetically related. Various studies of Streptococcus pneumoniae have shown phylogenetic relationships among antibiotic-resistant strains (Beall et al., 2006; Hanage et al., 2009; Porat et al., 2004; Xu et al., 2009) . In this study, we explored whether or not NTHi shows genetic relatedness in relation to b-lactamase enzyme production. It is also not known whether NTHi strains that cause disease such as AOM are genetically clustered and/or distinct from isolates associated with asymptomatic NP colonization.
Using outer-membrane profiles, Faden et al. (1995) reported rapid disappearance of initial colonizing strains of H.
influenzae. An immune response was shown to eliminate a particular strain and prevent its reacquisition but not the acquisition of heterologous strains. Interestingly, prolonged colonization with the same strain in children was also observed (Faden et al., 1995) . Similar observations were made regarding AOM; that is, immune responses to homologous strains of NTHi prevented subsequent AOM from the same strain but not heterologous strains (Barenkamp et al., 1984) .
To study the immune response following natural exposure to NTHi during NP colonization and AOM in conjunction with molecular characterization, by multilocus sequence typing (MLST), of strains would be highly discriminatory. To our knowledge, this is the first study aimed at exploring phylogenetic relationships among NTHi strains based on MLST in prospectively collected samples from young children.
METHODS
Patient population, sampling and bacterial isolation. Samples of NTHi were collected from children participating in a National Institute of Deafness and Communication Disorders-supported study on NTHi pathogenesis and immunity. The children were derived from a suburban, private paediatric practice (Legacy Pediatrics) in Rochester, New York, USA. For this report, samples were collected for the 3.5 year time span of June 2006-December 2009. Children were enrolled at 6 months of age and then sequentially sampled at 9, 12, 15, 18, 24 and 30 months of age in their routine healthy visits. At each visit, an NP sample and a throat swab (TS) were obtained. Whenever a child became ill with AOM, middle ear fluid (MEF) was collected by tympanocentesis and NP and TS samples were obtained. Then, 3-4 weeks after an AOM visit, NP and TS follow-up samples were obtained. In addition, otitis-prone children who had ¢three episodes of AOM in 6 months or ¢four episodes in a year were enrolled but not routinely followed longitudinally and MEF and NP samples were obtained from these children. NTHi bacteria were isolated and identified according to standard laboratory procedures including colony morphology, porphyrin reactivity, and growth requirement for haemin and nicotinamide adenine dinucleotide and growth on Haemophilus ID Quad plates. Only one colony of NTHi from each sample was cultured and stored at 280 uC for further experiments. An isolate was further identified as NTHi as described by Murphy et al. (2007) , including ompP6 sequencing to distinguish NTHi from Haemophilus haemolyticus. b-Lactamase testing was performed on all NTHi isolates by Cefinase disc test.
MLST. Bacterial genomic DNA was extracted from pure cultures of NTHi isolated from NP, TS or MEF samples (if children had AOM). The internal fragments of seven housekeeping genes of NTHi were amplified by PCR, using a PCR Master Mix (Promega) as described previously (Meats et al., 2003) . The PCR products were purified using the ExoSAP kit (USB) and identified by DNA sequencing. The sequences of seven genes for each isolate were submitted to the international MLST database (http://haemophilus.mlst.net) to obtain the sequence type (ST). Two strains are defined as a clone if they are single-locus variants of seven housekeeping genes.
RESULTS
A total of 168 children were enrolled and followed longitudinally from June 2006 to December 2009. NTHi was detected in 73 (43.5 %) children at least once, and among these 73 children, NTHi colonization was observed more than once in 33 (45.2 %) children.
A total of 165 NTHi isolates were characterized by MLST. We could not obtain a sequence for all seven genes for six of the NTHi isolates and therefore the ST was not found. We found 70 different MLST STs among the NTHi isolates; 29 were novel and submitted to the H. influenzae international database. Phylogenetic analysis was conducted on different strains with MEGA4 software (Tamura et al., 2007) . The evolutionary history was inferred using the neighbourjoining method. The evolutionary distances were computed using the maximum composite likelihood method and are in units of the number of base substitutions per site. Fig. 1 shows the genetic relatedness of NTHi strains circulating in children of the Rochester community. Strains were grouped based on those that were associated with NP/TS colonization versus strains that caused AOM. No pattern/grouping was found. The relatedness of b-lactamase-positive (+) and b-lactamasenegative (2) strains is also shown in Fig. 1 . Overall, NTHi STs did not show clustering based on b-lactamase testing. A very small cluster of b-lactamase-positive strains where MLST STs were in the same clonal complex (i.e. ST103, 145 614, 701) were observed in the phylogenetic tree ( Fig. 1 ). With additional NTHi strains and their b-lactamase susceptibility information, phylogenetic clustering may be clearer in the future.
We also used the eBURST method (http://haemophilus.mlst. net/eburst) as a way of displaying the relationships between closely related isolates of a bacterial species or population to define groups. The eBURST, unlike cluster diagrams, trees or dendrograms, uses a simple but appropriate model of bacterial evolution in which an ancestral (or founding) genotype increases in frequency in the population, and while doing so, begins to diversify to produce a cluster of closely related genotypes that are all descended from the founding genotype. This cluster of related genotypes is referred to as a 'clonal complex'. In eBURST analysis, we defined groups in which each NTHi ST was identical at five or more of the seven sequenced loci to at least one other NTHi ST in the group. The NTHi isolates from our study population were present in 19 of these 29 eBURST groups of all NTHi found in the H. influenzae MLST website. Table 1 summarizes the eBURST group analysis to show where the NTHi isolates belong. Twenty-nine such groups contained five or more STs. In our study, 27.9 % of the total 165 NTHi isolates or 18.7 % of the total 70 NTHi STs belonged to eBURST group 2. The remainder of the isolates were in different eBURST groups. These results suggest that the NTHi population was dispersed in several distinct genetic groups. Fig. 2 shows the comparison of NTHi according to STs isolated at different time points in 33 children. In most cases, the NTHi strains cleared from the child within the 3month time interval between samplings. Sequential NTHi NP colonization observed at different time points in most children involved different strains. We did not observe any reacquisition of previously carried NTHi strains except in one case (child 06-02-045). For this one child, NTHi ST575 was isolated at the 6-month visit. At the 9-month visit, a different NTHi strain was isolated. At the next visit at 12 months of age, ST783 was observed. Since ST783 is the same clone as ST575, it might be that we missed this clone at the 9-month visit.
Comparison of NTHi strains isolated at different visits
ST103 was the most common strain found. In 24.2 % of the 33 children where NTHi colonization was observed more than once, prolonged colonization was observed with the same ST. STs 146, 182 and 685 remained in the NP of children asymptomatically for at least 3, 3 and 6 months, respectively. ST699 persisted in a child for 9 months and remained colonizing the NP during two episodes of AOM and was still present in the NP after two courses of antibiotic. Similarly, ST149 persisted in a child for 6 months and caused two episodes of AOM and did not clear the NP after either antibiotic course. In~36 % of the AOM cases, NTHi did not clear from the NP of the child after antibiotic treatment.
NTHi strain comparison in MEF versus NP
The comparison of NTHi isolates cultured from MEF versus NP/TS samples from 37 children with AOM is also shown in Table 2 . In 84 % of the children, the same ST was found in the MEF as in the NP/TS sample. In 8 % of the cases, a different ST, but the same clone, was found in the NP versus MEF. In 8 % of the children, a different clone was detected in the MEF compared to the NP/TS, suggesting that two strains of NTHi were colonizing the NP and either we did not isolate the strain from the NP sample that was successful in ascending from the NP to the middle ear to cause AOM, or the major colonizer was not causing disease.
NTHi carriage in triplets
The comparison of MLST profiles of NTHi strains isolated at different points from a family of triplets who had an older sibling is shown in Table 3 . The MLST profiles of the strains from the triplets are consistent with likely genetic exchange of NTHi in the NP of a child in a short time frame followed by dissemination of the new strain to siblings in the family. Triplet 1 carried ST103 and triplets 2 and 3 carried the same clone, ST614, around the same time. Similarly, triplet 2 carried ST556 and triplet 1 carried ST613, which is the same clone.
DISCUSSION
The identification of clearly defined groups of strains in a genotype is a central problem in microbiology because of very frequent localized homologous recombination in The strains that were found in MEF of children with AOM are indicated by an asterisk. b-Lactamase results are also shown for each strain with a + and -symbol after the strain number.
bacteria (Stackebrandt et al., 2002) . In this paper, we have examined one of the more highly recombinogenic species, H. influenzae, to explore the extent to which this species can be resolved into distinct populations using multilocus sequencing types. We addressed the question of whether NTHi strains that asymptomatically colonize the NP are phylogenetically distinct from NTHi strains that cause AOM, and found they were not. We also explored the possibility that strains expressing a b-lactamase enzyme (which confers penicillin resistance) might cluster phylogenetically, and found they did not. Previously, a study by Meats et al. (2003) has shown phylogenetic diversity between all the strains of H. influenzae using the MLST approach. Our results are consistent with the observations of Erwin et al. (2008) , who showed considerable diversity within NTHi strains. Erwin et al. (2008) found 13 clades or 10 eBURST groups from the H. influenzae MLST database. Eighty per cent of their NTHi strains were in group 2. With more strains added to the database, we found new eBURST groups (29 eBURST groups compared to 10 groups in their study using the same group definition). Specifically, 41.4 % of the NTHi STs found in our study were distributed in 10 eBURST groups from the Erwin et al. (2008) study but 27.1 % of the STs from our study were found in new eBURST groups, and 31.5 % of the NTHi STs we evaluated did not correspond to any of the 29 eBURST groups.
We found that asymptomatic colonizing strains were not phylogenetically distinct from strains that caused AOM disease. The NTHi strain that only caused colonization in one child was responsible for AOM disease in a different child. We interpret this result to suggest that either the progression from asymptomatic colonization to AOM may not be dependent on the strain of NTHi but rather on quantitative or qualitative differences in the immune defence of the child, or other factors such as differential expression of specific adhesins might be also involved, apart from difference in immune defence.
We could not find any previous studies on clustering of H. influenzae MLST types based on antibiotic resistance. With more extensive characterization of isolates of Streptococcus pneumoniae, another common respiratory bacterium, clustering based on antibiotic resistance has been observed (Hanage et al., 2009; Xu et al., 2009) . A very small cluster of b-lactamase-positive strains where MLST STs were in the same clonal complex was seen in the phylogenetic tree in our study of 70 different STs. As a larger database of H. influenzae strains evolves, clusters of NTHi that are antibiotic resistant may emerge. Since b-lactamase is generally carried by a plasmid, it would not be surprising if different STs producing b-lactamase or not are present in the same clonal complex. We also found that the same 165, 182, 43, 567, 699, 700, 575, 783, 146, 685, 196, 179, 594 Singletons 8 (11.4 ) 13 (7.9) 2, 36, 76, 689, 781, 702, 688, 779 clone with a different ST may or may not have b-lactamase activity (e.g. ST776 and ST176). Others have also found different antibiotic susceptibility among strains of Staphylococcus aureus and Streptococcus pneumoniae (Feil et al., 2000) in the same clonal complex.
A study by Hotomi et al. (2007) has demonstrated clonal dissemination of b-lactamase non-producing ampicillinresistant (BLNAR) H. influenzae strains isolated from the upper respiratory tract in Japan but the BLNAR strains carried modifications in their pencillin-binding proteins, encoded by the ftsI gene that is present in the chromosome.
We found a frequent turnover of NTHi strains among children. When sequential NTHi NP colonization was observed at different time points in a child, different STs were involved. Faden et al. (1995) found that NTHi strains cleared the NP in ,3 months in 90 % of the children they studied. We did not observe any reacquisition of previously carried NTHi strains, similar to previous studies by Spinola et al. (1986) and Faden et al. (1995) .
Prolonged colonization of NTHi strains (.3 months) was observed in~25 % of the 33 children where NTHi colonization was observed more than once. ST146 and ST685 belong to the same clonal complex and have no predictor founder. Based on the information in the H. influenzae MLST database, ST146 was first reported from Michigan in 1998 as an NP carriage strain but later was isolated from blood in cases of bacteraemia in California (2000) and Colorado (2002) . There are no exhaustive studies on NTHi Fig. 2 . Comparison of MLST STs obtained from NTHi isolates at different time points from the same subjects. The x-axis represents the child's age in months and the y-axis indicates the child's identification number. Circles represent NTHi strains colonizing the NP; squares represent NTHi strains found in MEF. Two isolates of NTHi connected by a line are the same ST, and those connected by a dashed line are different STs, but the same clone (single-locus variant). Inc means it was not possible to obtain a sequence for all seven genes for that isolate and therefore the ST was not obtained, but partial analysis clearly allowed us to determine that the strain was different from the other strains in that particular child.
MLST types in invasive disease, so we cannot determine whether ST146 and ST685 are associated or not with invasive disease.
In~36 % of our subjects, NTHi strains persisted in the NP or middle ear after antibiotic treatment, a finding similar to that of van Schilfgaarde et al. (1999) and others (Cohen et al., 1999; Dabernat et al., 1998) . Strains that persist in the NP after antibiotic therapy may be the result of antibiotic resistance or other unique characteristics of the strain or could be a consequence of lower levels of antibiotic in a host due to suboptimal absorption of the drug (Pichichero et al., 2008; Pichichero & Reed, 2009 ).
We found that in most of the children in our study, NTHi strains present in the MEF were identical to the strains isolated from the NP, consistent with previous studies (Murphy et al., 1987; Barenkamp et al., 1984) . A known mechanism for new NTHi strain acquisition is by close contact among individuals (Loos et al., 1989) . Family contacts would be likely to carry the same NTHi strains at any one time. Our results from examination of the MLST profiles of strains isolated from triplets and their sibling at different time points clearly demonstrate this phenomenon.
Although this is the largest study of NTHi isolates in young children, the ability to show phylogenetic relatedness is constrained by the number of isolates. Further study of phylogenetic relationships among NTHi strains would be useful. Clustering among strains that asymptomatically colonize the NP or are able to cause local infection in the middle ear or sinuses or lungs may yet emerge. Improving our understanding of the biology of NTHi may prove valuable in strategies to prevent NP colonization and progression to local respiratory infections.
